The feed resource for animals is a major cost determinant for profitability in livestock production enterprises, and thus any effort at improving the efficiency of feed use will help to reduce feed cost. Feed conversion ratio, expressed as feed inputs per unit output, is a traditional measure of efficiency that has significant phenotypic and genetic correlations with feed intake and growth traits. The use of ratio traits for genetic selection may cause problems associated with prediction of change in the component traits in future generations. Residual feed intake, a linear index, is a trait derived from the difference between actual feed intake and that predicted on the basis of the requirements for maintenance of body weight and production. Considerable genetic variation exists in residual feed intake for cattle and pigs, which should respond to selection. Phenotypic independence of phenotypic residual feed intake with body weight and weight gain can be obligatory. Genetic residual feed intake is genetically independent of its component traits (body weight and weight gain). Genetic correlations of residual feed intake with daily feed intake and feed conversion efficiency have been strong and positive in both cattle and pigs. Residual feed intake is favorably genetically correlated with eye muscle area and carcass weight in cattle and with eye muscle area and backfat in pigs. Selection to reduce residual feed intake (excessive intake of feed) will improve the efficiency of feed and most of the economically important carcass traits in cattle and pigs. Therefore, residual feed intake can be used to replace traditional feed conversion ratio as a selection criterion of feed efficiency in breeding programs. However, further studies are required on the variation of residual feed intake during different developmental stage of production.
INTRODUCTION
Profitability of livestock production depends on keeping costs to a minimum without sacrificing production or quality. Feed represent a large proportion of the variable cost of livestock production and genetic improvement programs for reducing input costs should include traits related to feed utilization. This has long been recognized by the poultry and porcine industries, where the cost of feed is readily quantified. These industries have made significant improvements in feed efficiency through both genetic and non-genetic means (Luiting, 1991) . Generally, selection programs have focused on production traits, with little attention given to production costs. Recently, this view has begun to change, and the efficiency of conversion of feed (i.e., ratio of feed intake to product or the reverse) has been recognized as more important. However, the statistical properties of ratio traits (e.g. feed conversion ratio) are poor and selection responses to traits measured as ratios can be erratic (Gunsett, 1986) . In addition, selection against feed intake reduces appetite, which might be undesirable (Ollivier et al., 1990) . As with growth traits, the expression of any feed efficiency trait is dependent on the stage of maturity at which the trait was measured on the animals. For residual feed intake, there is a high genetic correlation between the trait measured in the young animal and that measured in the adult, while for the other feed efficiency traits, such as feed conversion ratio, this correlation is low (Archer et al., 2002) .
Residual feed intake is a linear index and derived from the combination of feed consumption and production traits. The residual feed intake was first proposed as an alternate measure of feed efficiency by Koch et al. (1963) . It can be defined as the difference between actual feed intake and the expected feed requirements for maintenance of body metabolic processes and production. A low residual feed intake implies a reduced energy requirement for maintenance, although other sources of variation include digestibility and metabolizability of the diet, net availability of metabolizable energy for gain or protein turnover.
Research has shown that there is considerable individual animal variation in feed intake above and below that expected or predicted on the basis of body size and growth rate. That statement, along with the fact that individuals of the same body weight require rather widely different amounts of feed for the same level of production, establishes the scientific base for measuring residual feed intake in animals. The objective of this study is to review some of the evidence on genetic variation in residual feed intake and its consequences for selection on feed utilization, growth and carcass traits in cattle and pigs.
TRADITIONAL MEASURES OF FEED EFFICIENCY
The efficiency of feed utilization is more difficult to quantify than that of growth; consequently, different measures of feed efficiency have been developed over the years. These include feed conversion ratio (Brody, 1945) , partial efficiency of growth (Kellner, 1909) , relative growth rate (Fitzhugh and Taylor, 1971 ), Kleiber ratio (Kleiber, 1947) , etc. Among these measures, the feed conversion ratio has been used extensively in the past. However, the use of ratio traits has some problems. Feed conversion ratio is closely correlated to the feed intake and rate of gain of the animal (Gunsett, 1986) . So, two animals might have similar gain:feed and still be very different in their feed intakes and rates of gain. Conversely, the same animal at different intakes would certainly have different gain:feed ratios, even though the genetics of the animal had not changed. Studies have shown that direct selection for feed efficiency has not been very effective (e.g. Webb and King, 1983) and selection programs which give emphasis to efficiency rather than lean growth rate on ad libitum feeding have led to a reduction of feed intake (Webb, 1989; Smith et al., 1991) which may be detrimental in the long term.
It is well noted that feed conversion efficiency is both phenotypically and genetically correlated with aspects of production. Buttazzoni and Mao (1989) cited a number of studies showing high positive phenotypic correlations and very high genetic correlations between milk yield and feed conversion efficiency of milk production of dairy cows. Veerkamp and Emmans (1995) reviewed the literature on gross efficiency of dairy production and concluded that feed conversion ratio largely reflects the increased proportion of energy being utilized for production compared with maintenance in high producing cows. The strong genetic correlations between feed conversion efficiency and production traits suggest that selection for production (growth rate, milk yield, etc.) will produce a correlated improvement in feed conversion efficiency, and hence there is little justification for measuring feed intake in order to improve feed conversion efficiency.
Most of the traditional measures of feed efficiency are expressed as ratio of feed intake to product (or the reciprocal). The use of a ratio trait, such as feed conversion ratio, for genetic selection presents problems associated with prediction of the change in the component traits in future generations (Arthur et al., 2001a) . This is due to the fact that feed conversion ratio is genetically correlated to growth, body size, body composition, and appetite. A linear index (residual feed intake), however, places a predetermined amount of selection pressure on the traits and thus, in principle, results in a more predictable genetic change in each trait. Gunsett (1984) compared the efficiency of direct selection for a two-component trait with a linear index trait derived from the same two components and concluded that the use of linear index increases selection responses as compared with direct selection on the ratio trait. Koch et al. (1963) suggested that feed intake could be adjusted for body weight and weight gain (or any other production trait) by effectively partitioning into the feed intake expected for the given level of production and a residual portion. The residual portion of feed intake can be used to identify animals which deviate from their expected level of feed intake, with efficient animals having lower residual feed intake. Calculation of residual feed intake in a phenotypic approach, as reported in several studies Arthur et al., 2001a,b; Hoque et al., 2005; Hoque et al., 2007a) , can be generally summarized as:
PHENOTYPIC RESIDUAL FEED INTAKE
where RFI phe = phenotypic residual feed intake, FI = daily feed intake, MWT = metabolic body weight at mid test, DG = average daily gain, and β w(phe) and β g(phe) = partial regression coefficients of animal's FI on MWT and DG, respectively. This equation is usually used in cattle. However, residual feed intake can be calculated without correction for carcass composition for growing bulls. The reason might be that these animals have a low fat content (Jensen et al., 1991) . On the other hand, in the case of pigs, variation in maintenance requirements as predicted from metabolic body weight is not significantly related to variation in feed consumption, because pigs are usually tested over a relatively fixed weight range (e.g. 30 to 90 kg). This view has been supported by Haer (1992) who found little variation in metabolic body weight and no significant effect of metabolic body weight on feed intake, when weight gain and lean are included in the model to estimate residual feed intake. Thus, different measures of residual feed intake can be estimated in pigs as the difference between actual feed intake and that predicted from analyses with various combinations of production traits. It can be summarized from published studies that residual feed intake of pigs can be calculated by including i) daily gain (RFI 1 ), ii) daily gain and backfat (RFI 2 ), or iii) daily gain, backfat and eye muscle area (RFI 3 ) in the regression model as described above.
To be a candidate for selection, the economically relevant trait must exhibit genetic variability, which is to say that variability in phenotypic expression must be to some extent dependent on additive genetic variance. The variation in residual feed intake, however, shows that there is variation in efficiency among animals beyond the variation that is related to daily gain and body weight. An overview of some recent studies presenting heritability estimates for residual feed intake in cattle and pigs is given in Table 1 and Table 2 , respectively. The published estimates of heritability indicate that genetic variation exists in residual feed intake. All studies that have estimated genetic variance for residual feed intake in cattle reported that the heritability estimates for this parameter were moderate to high (ranged from 0.21 to 0.60), except for the estimate by Robinson and Oddy (2004) , which was low (0.18). Published studies also indicated that residual feed intake calculated by different combinations of growth traits are moderately heritable in pigs (ranged from 0.22 to 0.41), except the for estimate by von Flede (1996) , which was low (0.18) ( Table 2) . Selection for residual feed intake, therefore, would be expected to result in genetic change relatively comparable to that obtained with other moderately to highly heritable traits. Kennedy et al. (1993) showed that genetic regression may provide additional insight into the true relationship in cases where phenotypic measurements such as weight gain are subjected to considerable measurement errors. They suggested that although phenotypic residual feed intake is phenotypically independent of production, it may be genetically correlated to production. The residual feed intake can be, therefore, calculated as a genetic regression (1996) from feed intake on metabolic body weight and daily gain. The genetic regression approach requires information of the genetic covariances of feed intake on metabolic body weight and production traits. As reported in recent studies (Hoque et al., 2005; Nkrumah et al., 2007) , genetic residual feed intake (RFI gen ) can be expressed as:
GENETIC RESIDUAL FEED INTAKE
where FI = daily feed intake; MWT = metabolic body weight at mid test; DG = average daily gain; genetic regression coefficient,
covariance matrix of two production traits (MWT and DG); and c = vector of the genetic covariance of FI with production traits. Large numbers of data are required to estimate the genetic covariances of feed intake on production traits. Few studies have been found on residual feed intake calculated by a genetic regression approach in cattle. Published heritability estimates indicate that genetic residual feed intake is moderately heritable (Table 1) . These moderate heritability estimates indicate that sufficient genetic variation exists in this trait which should respond to selection. However, Hoque and Oikawa (2004) compared different measures of residual feed intake and concluded that RFI phe and RFI gen are regarded as the same trait and selection for RFI gen would give results similar to selection for RFI phe .
NUTRITIONAL RESIDUAL FEED INTAKE
The definitions and computational formulae for residual feed intake have been summarized by Arthur et al. (2001) and Hoque et al. (2006a) . Differences in the formulae used to compute a particular residual feed intake could lead to differences in selection outcomes. For example, the calculation of residual feed intake requires the estimation of expected feed intake, which can be obtained through phenotypic or genetic regression or can be obtained from the nutritional requirement of an animal through the use of a feeding standards formula (Fan et al., 1995; Arthur et al., 2001; Hoque et al., 2006a) . Phenotypic and genetic correlations among these measures of residual feed intake were high. However, there are differences between these measures of residual feed intake in their relationships with other traits, such as growth traits (Table 3) . Feeding standards for a specific breed are necessary to estimate nutritional residual feed intake. It is possible to estimate the nutritional residual feed intake for a few animals if the feeding standards for those specific animals are known. Relatively fewer heritability estimates are available in the literature for nutritional residual feed intake. Available heritability estimates for this trait in cattle and pigs ranged from low to moderate, with most of the values falling in the moderate range (Tables 1 and 2 ). However, the variation among estimates of heritability for residual feed intake is due in part to the different approaches by which traits were defined, calculated, or predicted, and also different breeds were used in studies. Furthermore, variation in residual feed intake is due to numerous intrinsic factors such as variation in feed digestibility, in energy efficiency partitioning between maintenance and production or energy requirement for physical activity, body thermo-regulation, maintenance of body tissues and basal metabolic rate (Haer et al., 1993) . (2004) 1 FI = Daily feed intake; DG = Average daily gain; MWT = Metabolic body weight; YWT = Yearling weight; RFI phe = Phenotypic residual feed intake; RFI gen = Genetic residual feed intake; RFI nut = Nutritional residual feed intake. 2 Ch = Charolais; H = Hereford; JB = Japanese Black; CrB = Crossbreds; TT = Tropical and temperate adapted breeds; A = Angus. * Residual feed intake and growth traits were measured on performance tested bulls; ** Residual feed intake and growth traits were measured on performance tested bulls and their station progeny, respectively.
IMPACT ON FEED INTAKE, EFFICIENCY AND GROWTH TRAITS
Some published results on genetic correlations between measures of residual feed intake with daily feed intake and growth traits in cattle and pigs are presented in Table 3 and  Table 4 , respectively. Genetic correlations of residual feed intake calculated by phenotypic and genetic approaches with daily feed intake are strong and positive. However, the residual feed intake calculated by feeding standards formulae is moderately correlated with daily feed intake. Selection for low residual feed intake is expected to favor animals with lower maintenance energy expenditure. At both phenotypic and genetic levels, correlations between residual feed intake and maintenance energy expenditure per metabolic body weight were highly positive for British Hereford cattle selected for lean growth rate and lean feed conversion over 10 years (Herd and Bishop, 2000) . Residual feed intake has the potential to improve feed conversion efficiency in the young growing animal, to improve the efficiency of maintenance energy expenditure, and to avoid increasing the size of the cow (Herd and Bishop, 2000) . Published studies have also reported strong positive correlations for RFI phe with feed conversion ratio in cattle (0.70, Herd and Bishop, 2000; 0.85, Arthur et al., 2001b; 0.66, Arthur et al., 2001a; 0.64, Hoque et al., 2006a; 0.62, Nkrumah et al., 2007; 0.78, Hoque et al., 2008a) and in pigs (0.63, Von Felde et al., 1996; 0.86, Hoque et al., 2007a) . Similarly, positive genetic correlations of 0.62 (Hoque et al., 2006a) and 0.78 (Nkrumah et al., 2004) in cattle and of 0.84 (Hoque et al., 2007a) in pigs have been reported for RFI gen with feed conversion ratio. Thus selection for improved residual feed intake (i.e. decreased excessive intake of feed) will be associated with better feed efficiency and a corresponding declining genetic change for feed intake. Kennedy et al. (1993) theoretically showed that when expected feed intake is obtained by phenotypic regression, the RFI phe is expected to be phenotypically independent of the component traits and in the other case, when expected feed intake is obtained by genetic regression, the RFI gen is expected to be genetically independent of its component traits. They also mentioned that even with residual feed intake calculated by regression, there is no guarantee that its genetic correlations with these component traits will be close to zero. Published studies showed that both metabolic body weight and daily gain are phenotypically independent of RFI phe , and genetically independent of RFI gen . However, when residual feed intake is estimated with expected feed intake calculated from feeding standards formulae, it is not automatically independent of production traits and is usually correlated with these traits, as observed by Fan et al. (1995) , Arthur et al. (2001a) , and Hoque et al. (2007b) . Genetic selection to reduce residual feed intake can result in progeny that eat less without sacrificing growth performance (Richardson et al., 1998) . In contrast to feed conversion ratio, residual feed intake is independent of growth and maturity patterns . Selection for low residual feed intake by either phenotypic or genetic approaches might be helpful for improving feed efficiency while causing no correlated change in production traits. Therefore, residual feed intake should be a more sensitive and precise measurement of feed utilization, since it is based on energy intake and energy requirements.
IMPACT ON CARCASS TRAITS
Selection against either RFI phe or RFI gen would give Hoque et al. (2007a) similar correlated responses in carcass traits. Recent published estimates of genetic correlation between measures of residual feed intake and carcass traits in cattle and pigs are presented in Table 5 and Table 6 , respectively. Few published reports describe the relationship between residual feed intake and carcass weight in cattle, and there are wide ranges of genetic correlations between these two traits. The difference between studies in the estimates of genetic correlation is not conclusive because of their large standard errors. However, Jensen et al. (1991) noted that increases in dressing percentage are associated with lower residual feed intake. Baker et al. (2006) reported that no differences existed in hot carcass weight and eye muscle area among 3 (high, medium and low) residual feed intake groups. The genetic correlation between eye muscle area and residual feed intake is favorably negative. It appears that the relationships among residual feed intake and carcass quality traits may not be same in purebred or crossbred groups of cattle, as there are some inconsistencies in the results reported to date. Baker et al. (2006) reported that no differences existed in backfat thickness and marbling score among 3 residual feed intake groups. Arthur et al. (2001a) reported a genetic correlation of 0.17±0.05 between residual feed intake and ultrasound rib fat thickness in Angus bulls and heifers. That report is further substantiated by the genetic correlation of -0.43±0.23 between residual feed intake and carcass lean content in Hereford bulls reported by Herd and Bishop (2000) . In the studies by Robinson and Oddy (2004) and Nkrumah et al. (2007) , positive but smaller genetic correlation coefficients for residual feed intake and beef marbling were reported. A small observed reduction in subcutaneous fat deposition in response to a single generation of selection against residual feed intake has been reported (Richardson et al., 1998) . The reason for the discrepancy between studies is not apparent, but it is worth noting that different breeds were used, the method for measuring the beef marbling fat was different, and also the standard errors on the reported coefficients were large. Hoque et al. (2006) and Richardson et al. (1998) noted that the steer progeny of low residual feed intake parents grew faster than steers of high residual feed intake parents. Hoque et al. (2006) also noted that downward selection of residual feed intake (lowering excessive intake of feed) of sires would also lead to increase in MSR, REA and SFT of the carcass of their progeny. The genetic correlations of (2004) 1 CWT = Carcass weight; EMA = Eye muscle area; MSR = Marbling score; SFT = Subcutaneous fat thickness; RFI phe = Phenotypic residual feed intake; RFI gen = Genetic residual feed intake; RFI nut = Nutritional residual feed intake. 2 JB = Japanese Black; CrB = Crossbreds; TT = Tropical and temperate adapted breeds. * Residual feed intake and growth traits were measured on performance tested bulls; ** Residual feed intake and growth traits were measured on performance tested bulls and their station progeny, respectively. Hoque et al. (2007b) residual feed intake of bulls with beef marbling and subcutaneous fat of their progeny were negative (Hoque et al., 2005; Hoque et al., 2006b) , which suggests that selection against residual feed intake of bulls may have contributed to the increase in marbling and subcutaneous fat of progeny carcasses. That is, selection for decreased residual feed intake would tend to increase carcass fatness (genetically fat animals tend to be more efficient). This is because residual feed intake is independent of the time needed to raise the animal to slaughter weight. In pigs, the eye muscle area is favorably negatively correlated with residual feed intake. Genetic correlations between residual feed intake and intramuscular fat in pigs are low, implying a small positive association between residual feed intake and pork fatness. There is evidence of a positive genetic relationship between residual feed intake and backfat (Mrode and Kennedy, 1993; Johnson et al., 1999; Hoque et al., 2007b; Hoque and Suzuki, 2008) in Landrace, Yorkshire and Duroc pigs. The genetic correlation between residual feed intake and lean content is strong and negative in Large White pigs (Gilbert et al., 2007) . These results indicate that lowering of residual feed intake (higher efficiency) with increasing leaner pork seems to be possible.
FUTURE DIRECTIONS
Residual feed intake is an alternative measure to traditional ratio-type efficiency traits. Relatively small numbers of heritability estimates are available in the literature for residual feed intake. These estimations were made in growth stages of both beef cattle and pigs and also in mature cows. However, there is a lack of knowledge to determine whether or not genetic variation in residual feed intake over an entire production system exists within these animals. The residual feed intake results reported in studies were calculated on records of individual feeding. Nevertheless, group feeding with automatic feeder or other means needs to be studied, because there is a competition effect in animals during group feeding. In published studies, the weights of the component traits in the residual feed intake (linear index) were determined by only biological (co)variances. However, profitability will be maximized when index weights on feed intake (or residual feed intake), growth and other traits are determined by both biological and economic parameters, which need to be investigated. Also, comparative studies on genetic gain using ratio and linear index traits are required.
The association between residual feed intake of bulls and carcass traits of their progeny have been studied by few researchers. Validation studies need to be conducted to verify that selection based on expected progeny difference for residual feed intake will result in realized phenotypic improvement. Whether the biological properties of residual feed intake are equivalent across gender and management schemes is unknown. The usefulness of measuring residual feed intake of growing animals at performance test is dependent on the genetic correlations with total merit of the animals in the production system. Total merit includes energy utilization of other groups of animals in the production system, such as their female relatives used to replace candidate females. This is an area where much further research is needed.
Given the present lack of understanding of the biological basis of residual feed intake and its effect on various traits, any selection for residual feed intake in animal production systems should be accompanied by monitoring for correlated responses; clearly, more research is needed to fully understand possible effects of residual feed intake on end-product quality. Prospects also exist for identification of major genes which account for significant proportions of variation in residual feed intake. Interest in application of marker-assisted evaluation to residual feed intake is prevalent, because feed intake is difficult and costly to measure and has relatively low effective indicators. There is also a lack of understanding of the mechanisms responsible for the observed variation in feed efficiency.
CONCLUSION
Residual feed intake has been proposed as a measure of feed efficiency, and reported heritability estimates for residual feed intake indicate that sufficient additive genetic variance exists in this trait, which should lead to response from selection. Phenotypic residual feed intake is phenotypically independent of measures of growth and body size, while genetically these relationships are either low or near zero. The residual feed intake calculated by genetic regression equation is genetically independent of production traits. The genetic correlations of residual feed intake with daily feed intake and feed conversion efficiency are strong and positive. Selection for lowering residual feed intake makes it possible to improve feed efficiency and most of the important carcass traits without compromising growth rate, in spite of the reduction in voluntary feed consumption.
